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Abstract 
An energy efficiency of a high temperature superconducting (HTS) DC induction heating machine is improved up to 80~90%. 
The core technology in the machine is to ensure its thermal stability during operation. In this paper, we presented design details 
and performance analysis results of no insulation HTS magnet with an iron core for an HTS DC induction heating machine. The 
HTS magnet was simulated by a finite element method and an equivalent circuit analysis. In order to confirm physical 
performances, the magnet was fabricated and experimented with an iron core as well as without an iron core. The simulated and 
experimented results were analyzed in detail.  
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1. Introduction 
Despite of government policy on an energy saving in industrial fields, primary metal industries including 
extrusion plants, melting and hardening furnaces and forging facilities, are still using conventional atmosphere 
furnaces with very low energy efficiency of 20-30% [1]-[3]. As one of the counterplans, high temperature 
superconducting (HTS) technology enables a system’s energy efficiency up to 80~90% by using lossless 
 
 
* Corresponding author. Tel.: +82-70-7516-3160; fax: +82-55-213-3170. 
E-mail address: yuik@cwnu.ac.kr 
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the ISS 2015 Program Committee
150   Jongho Choi et al. /  Physics Procedia  81 ( 2016 )  149 – 153 
       
Fig. 1. 3D FEM analysis models of the NI HTS magnet; (a) without an iron core, (b) with an iron core (St10); (c) The critical current 
characteristic curves 
superconducting magnets [4]-[7]. The core technology in an HTS DC induction heating machine is to guarantee its 
thermal stability of HTS magnets during operation. 
In a conventional insulated coil magnet, a quench may lead to severe damage to the magnet and thus a protection 
scheme is necessary. One of the protection schemes, a ‘no insulation (NI)’ winding technique for HTS magnets was 
presented [8]. Particularly in the event of a quench, it was confirmed that the magnet current was automatically 
bypassed through turn-to-turn contact layers [9]. 
In this paper, we presented design details and performance analysis results of a NI HTS magnet with an iron core 
for an HTS DC induction heating machine. To maximize the thermal stability, the NI HTS magnet was adopted. An 
iron core was applied to the magnet to minimize the amount of HTS wires. Prior to the fabrication of the NI HTS 
magnet with an iron core, a finite element method (FEM) analysis model and equivalent circuit model were 
investigated and the design specifications through their results were deduced. In order to confirm the simulation 
results, the HTS magnet was fabricated and tested with an iron core as well as without an iron core. The performance 
results were analyzed in detail. The results will be used for the practical design of an HTS DC induction heating 
machine. 
2. Development of an HTS magnet analysis model 
2.1. Application of NI HTS magnets 
If a thermal runaway of the HTS coils happens at a high current density, a hot spot temperature quickly exceeds 
its critical limit and results in serious damage, and thus a protection method is required. As one of the solutions, the 
NI winding method for HTS magnet was adopted. This method not only maximizes the thermal stability of HTS 
magnets, but also has simple stages to fabricate HTS magnets [10].  
In this paper, the HTS magnet was wound by only copper laminated HTS wire with the thickness of 0.1 mm. The 
thickness of the copper lamination layer is about 30-40 μm. After the winding, the surface between the HTS coil 
wound and bobbins was painted with STYCAST instead of the epoxy impregnation to improve the thermal contact.  
2.2. Equivalent circuit and FEM model of the NI HTS magnet 
The equivalent circuit of the NI HTS magnets was referred to [9]. In the circuit, the charging and discharging 
characteristics of the NI HTS magnet depends on the Rp, the NI HTS coil’s characteristic resistance. The Rp causes 
power consumption and it makes the coil temperature increases. If the coil temperature increases, the critical current 
of the coil decreases and thus it diminishes the magnet performance. An appropriate value of the Rp should be 
examined in the design stage of NI HTS magnets. 
For the FEM analysis, the 3D FEM analysis model of the NI HTS magnet was designed as depicted in Fig. 1(a), 
(b), and the critical current curve to the perpendicular magnetic flux density of the NI HTS magnet were predicted as 
shown in Fig. 1(c). The iron core was modeled with a non-linear relative permeability and simulated. The base 
frame and the billet supporter are made of the iron material, S45c were applied at the design stage to secure the 
metal billet’s rotating axis and support the HTS magnet and the HTS induction heating machine. However, because 
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of the magnetization loss of the iron material, the magnetic flux density at the center of the billet was a little lower 
than that of calculated value without the supporter and base. The supporter and base frame should be made of non-
ferrous materials in a real application. 
At 50 K, the critical current was 112 A, and the critical current of 137.5 A at 40 K was calculated. The target 
operating current was 100 A which is 80 % of the critical current, and the target critical current was expected 
between 112 A and 137.5 A. The critical current curve to the perpendicular magnetic flux density of the HTS 
magnet with iron core was exactly the same as the result without the iron core.  
3. Fabrication and performance tests  
Through the equivalent circuit and FEM analysis models, we deduced the design specifications and compared it 
with the actual fabrication results as represented in Table. 1.  
As shown in Fig. 2(a), the terminal voltage and the magnetic flux density of the magnet were measured according 
to the current flowing in LN2. The Rp was calculated at 220 μΩ from the results of LN2 test. Also, while the charging 
process happens at the operating current of 10 A into the magnet, the coil voltage decreases and reaches 0.86 mV. It 
means that the series resistance exists and is about 86 μ after the charging completion by the operating current. 
Under the conduction cooling, the terminal voltage and magnetic flux density of the magnet were measured as 
Table 1. Design specifications of the NI HTS magnet and the actual values 
Parameters Design value Actual value 
HTS tape maker SuNam, Korea 
HTS tape width and thickness 4.1 (±0.1) mm and 100 (±15) μm 
Critical current (77.4 K, 0 T) ≥117 A (copper laminated) 
HTS coil type No insulation, racetrack, a single pancake, and iron cored 
Size of HTS magnet R93.5 mm x L300 mm 
Number of turns an total length 300 turns and 384.4 m 295 turns and 378 m 
Iron core JIS St10 (steel) 
Critical current of HTS magnet 60 A at 77.4 K, 112 A at 50 K and 137.5 A at 40 K 85.1 A at 77.4 K and 121.7 A at 44.3 K 
NI HTS magnet inductance 70.7 mH without iron core 70.6 mH without iron core 
NI HTS magnet inductance 267.9 mH with an iron core at 5 A 197.6 mH with an iron core at 100 A 228.8 mH with iron core at 5 A 
    
Fig. 3(a) The time constant without the iron core; (b) Fabrication process of the magnet 
           
Fig. 2(a) The characteristic resistance, Rp in LN2; (b) The characteristic resistance, Rp at 42.3 K 
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shown in Fig. 2(b). The characteristic resistance was calculated from the difference value between the initial voltage 
and the saturated voltage at 5 A. The Rp was calculated as 100 μΩ. In the case of the charging process, while the 
operating current of 5 A flows into the magnet, the coil voltage decreases and reaches 0.45 mV which means that the 
series resistance exists and is about 90 μ. The time constant was calculated as the ratio of inductance to the 
characteristic resistance. It was 11.8 min as represented in Fig. 3(a).  
3.1. Critical current measurement test  
As depicted in Fig. 3(b), the NI HTS magnet was fabricated without insulation layers through the processes from 
 to .  indicates the current flowing test in liquid nitrogen and the current flowing test under the conduction 
cooling shows in . The  shows the NI HTS magnet assembled with an iron core.Fig. 4(a) shows the result of 
the critical current measurement test at liquid nitrogen. As the result, the critical current is 85.1 A at 77.4 K. The 
critical current of 121.7 A at 44.3 K was measured as shown in Fig. 4(b). At the initial stage of both experiments, 
the magnetic flux densities were almost the same as those of the FEM analysis. However, the magnetic flux density 
at the center of the magnet was measured lower than that of the simulation while the current reaches to the critical 
current. It means that the coil charging current decreases more and more and the operating current doesn’t flow into 
the magnet any more after the quench and bypasses through the shortest path in the HTS NI magnet. 
3.2. Over current and magnetic flux density characteristics of the NI HTS magnet 
As illustrated in Fig. 5(a), when the current flowed up to 96 A, the terminal voltage of the NI HTS magnet 
sharply increased ( and the magnetic flux density decreased slightly (). We controlled the operating current to 
85 A and then the terminal voltage decreased (, and the magnetic flux density started to increase (). If the 
overcurrent flowed into the magnet, some of the coil current was bypassed into the parallel resistance and thus the 
NI HTS magnet was operated under the thermally stable condition. 
In the case of the NI HTS magnet with an iron core under the conduction cooling condition, the overcurrent test 
was performed as shown in Fig. 5(b) and Fig. 6(a). While the operating current increases with ramping rate of 1 A/s, 
the coil voltage, the magnetic flux density at the center of the billet, and the coil temperature are measured under 
     
Fig. 4(a) The critical current measurement test at 77.4 K; (b) Critical current measurement test at 44.3 K. 
       
Fig. 5(a) Overcurrent test of the NI HTS magnet; (b) Time dependent terminal voltage and input current characteristics 
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real-time conditions. When the input current was 120 A, the coil voltage increased sharply up to 5 V, the maximum 
voltage measurement level. The input current of the power supplier decreased suddenly and then the HTS magnet 
was protected from the overcurrent. 
The NI HTS magnet with an iron core has different characteristics in comparison with a general HTS magnet. At 
the initial stage of the magnet operation, the magnetic flux density appears such a nonlinear curve. We could predict 
the pattern of the magnetic flux density through the FEM analysis model and the results were confirmed through the 
experiment as shown in Fig. 6(b). When the operating current is 100 A, about 80% of the critical current, the 
magnetic flux density at the center of the billet between iron cores was measured to be 0.25 T and the magnetic flux 
density at the right edge of the billet was measured to be 0.195 T. However, the magnetic flux density in the FEM 
simulation was calculated at 0.285 T at the center of the billet and 0.225 T at the right edge of the billet. The 
differences were 0.035 T and 0.03 T, respectively. The two separate iron cores were fixed by six long bolts. For this, 
the vacant holes inside of the iron core caused the difference of the magnetic flux densities. 
4. Conclusion 
In this paper, design details and performance analysis results of a NI HTS magnet with an iron core for an HTS 
DC induction heating machine were discussed in detail. The performance properties were investigated and analyzed 
through the 3D FEM simulation and the real fabrication of the NI HTS magnet. Most of the simulation results were 
identical to the experiment results. The thermal stability of the NI HTS magnet was guaranteed without any 
protection device. This was the first challenge that an HTS DC induction heating machine was fabricated using 2G 
HTS wire adopting the NI HTS magnet. The results will be used for the practical design of an HTS DC induction 
heating machine. 
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Fig. 6(a) Input current dependent terminal voltage and input power characteristics; (b) Magnetic flux density characteristics 
